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AN INVESTIGATION OF NEAR CRITICAL AND SUPER-CRITICAL 
BURNING OF FUEL DROPLETS 

G .  M. Faeth, D. P. Dominicis and D. R. Olson 
The Pennsylvania State University 

SUMMARY 

The work described in this report considers the ex- 
perimental combustion characteristics of liquid fuel 
droplets in air. The total pressure of the experiments 
ranged from atmospheric pressure to 2000 psi. This range 
was sufficiently broad to allow observation o f  near criti- 
cal and super-critical droplet combustion. The fuels 
considered in the study were n-decane and n-hexadecane. 

The test droplets were mounted upon either a quartz 
fiber or a thermocouple, contained within a small chamber 
that could be pressurized to the desired level. Ignition 
was accomplished either by momentarily directing a small 
flame toward the droplet or by placing a hot wire close 
to the droplet, The test chamber was carried within a 
free fall apparatus to allow testing under zero-gravity 
conditions, This technique eliminates the tendency of 
the droplet to fall from its support due to reduced 
surface tension near the critical point and simplifies 
the interpretation of the results by eliminating natural 
convection, Liquid temperature measurements and motion 
pictures were taken during the cornbustion process. 

The conclusions of the study are as follows: 

1. 

2 .  

These results demonstrate the feasibility 
of this expeTimenta1 technique for studies 
of high pressure droplet combustion. 

With the flame ignitor, the combustion 
lifetime of the droplets decreased mono- 
tonically with increasing pressure. At 
higher pressures the gas flow induced by 
igniting flame caused shearing and breakup 
of the combustion zone. 



3 .  

4. 

5. 

6 .  

The 

With the hot wire ignitor, the ignition dis- 
turbance was reduced at high pressures. Under 
these conditions the lifetime reached a 
minimum near the critical pressure. At 
pressures somewhat above the critical pressure 
the lifetime increased and was roughly pro- 
portional to the cube root of pressure in 
accordance with prior theoretical predictions. 

With increasing pressure, the temperature 
measurements indicated that a decane droplet 
spends a smaller fraction o f  its lifetime in 
the steady burning period (characterized by 
the droplet remaining at a constant "wet bulb" 
temperature). However, an approach to this 
condition, indicated by an inflection of the 
temperature t.race, was observed at pressures 
as high as twice the critical pressure of the 
fuel. Above this pressure the temperature at 
the droplet location rose continuously, to 
values exceeding the critical temperature, 
throughout the combustion process. 

It was found that there is a significant time 
interval between the end of the gasification 
of the droplet liquid and the end of combustion. 
This indicates that it is incorrect to interpret 
combustion lifetimes as gasification lifetimes 
under the conditions of this study. 

For tests with the hot wire ignitor, liquid 
temperatures above the boiling point of the 
liquid were recorded at the lower test pressures. 
The possibility of excessive radiation from the 
hot wire as a cause of this behavior is under 
investigation at the present time. 

INTRODUCTION 

wide application o f  liquid bipropellants in rocket - -  
technology has ikd to numerous studies directed toward the 
goal o f  developing rational design procedures for bipro- 
pellant combustion chambers, 
controlling influence of dro let evaporation on combustion 
chamber performance by Priem' represented a major ste 
toward this goal. Further work by Priem and Heidmann 
established a theoretical model of bipropellant spray com- 
bustion that gave a good estimation of measured combustor 
performance at moderate pressures. 

Of central importance in the application of the Priem 
and Heidmann2 technique is a good understanding of the 
combustion characteristics of individual droplets. With 
this in mind the overall objective o f  the present investi- 

The recognition of the 
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gation was to study the combustion characteristics of 
single fuel droplets in an oxidizing atmosphere at the 
high pressure levels encountered in rocket engine com- 
bustion chambers. 

Of the previous work on droplet cornbustion, the 
earliest studies concentrated on the steady.burning 
period of the droplet, 1.e. the state where all the heat 
transferred to the droplet is utilized for the heat of 
vaporization of the evaporating material and the droplet 
temperature remains constant at its so-called wet bulb 
temperature. Under the assumption of quasi-steady 
burning at the wet bulb state, various formulas h ve 
been derived to calculate droplet burning rates3-?. 
the whole, the predicted rates are in reasonable 
agreement with the results of lab ratory experiments 

On 

conducted at atmospheric pressure ? - 7  

Later work, conducted by a number of investigators 
at the University of Wisconsin8-l0, considered droplet 
heat up, as well as the steady burning period. In these 
studies a quasi-steady analysis of transport rates was 
found to give an adequate prediction of droplet life 
histories, in the absence of combustion, in air at temper- 
atures up to 620'F and total pressures in the range 1-4 
atmospheres. 

While there have been relatively few investigations 
of high pressure droplet combustion, there are two 
aspects of this problem that have received attention in 
the literature. The first, as pointed out by Williamsll 
and B r z ~ s t o w s k i ~ ~ ,  is that at high pressures certain 
aspects of the quasi-steady analysis of transport rates 
to droplets become questionable. This includes both the 
neglect of the finite normal velocity of the droplet 
surface and the transient adjustments of the boundary 
layer around the droplet t o  varying conditions at the 
droplet surface, 

The second aspect, which has been considered by 
WieberlZ, is the possibility that at elevated pressures 
the droplet reaches its critical point before combustion 
is complete. Wieber's theoretical calculations of the 
approach of a droplet to its critical temperature employed 
the quasi-steady approximation. His results indicated 
that super-critical burning may be encountered in high 
pressure combustion systems such as rocket and diesel 
engines. For heptane, he found that the total pressure 
must be two to three times greater than the critical 
pressure before appreciable amounts of the droplet 
material remains when the critical point is reached. 

Upon reaching its critical point, the droplet es- 
sentially becomes a puff of gas. 
theoretically considered this type of combustion by 
approximating the droplet vapor as an instantaneous point 

Spalding13 has 
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source of fuel. The combustion process was represented 
by a flame surface approximation, i,e. a diffusion 
controlled flame with an infinitely thin reaction zone. 
This analysis has recently been modified by Rosner14 to 
account for the finite dimensions of the puff of gas, 
however, these stydies have not been verified experi- 
ment ally. 

Experimental investigations of single droplet burning 

Employing this technique, Hall and 
have mo t ften been conducted by observing_a suspended 
droplet 5-18 
Diederichse;l5 have studied droplet burning at elevated 
pressures. They obtained measurements of droplet 
lifetimes, following ignition, as a function of pressure 
and initial droplet diameter. Although-this work con- 
sidered pressures as high as twenty atmospheres, testing 
could not be extended into the near critical and super- 
critical burning regimes, This limitation was due to the 
reduction in the surface tension as the liquid approached 
the critical point which allowed the droplet to fall from 
its support at high pressures. 

Recently, Brzustowski and Natarajan have studied the 

which is 44 psi above the critical pressure of aniline , 
The fact that the droplets did not fall from their support 
during these tests indicates that the near critical 
burning regime was not reached. This might be anticipated 
from the n-heptane results of Reference (12) , which 
indicates that higher pressures would be required before 
substantial amounts of super-critical burning could 
occur. Brzustowski and Natarajan made measurements of 
burning rate constants at pressures below 200 psi (the 
burning rate constant is defined as the rate of decrease 
of the square of the droplet diameter17) and burning 
lifetimes at higher pressures. Difficulties in obtaining 
clear silhouette photographs above 2 0 0  psi prevented 
measurements of burning rate constants in the high 
pressure region. 
Diederichsen15 experienced similar difficulties at high 
pressures. 

In summary, it appears that there are several problem 
areas in the prediction of droplet life histories, par- 
ticularly in the near critical and super-critical regimes. 
The quasi-steady theories become questionable at high 
pressure and have not as yet received experimental confir- 
mation under these conditions. Similarly, the super- 
critical burning theories have not been tested 
experimentally. 

present investigation were as follows: 

combustion of aniline droplets at pressures up to 815 yyi Y 

It is noteworthy that Hall and 

With these factors in mind, the objectives of the 
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2. 

To conduct experiments on the combustion of 
individual fuel droplets at pressures suf- 
ficiently high so that observations can be 
made of near critical and super-critical 
combus tion = 

To compare the present quasi-steady and super- 
critical combustion theories with the 
experimental results and to make any necessary 
modifications of these theories in order to 
obtain good predictions of droplet life 
histories 

The I first phase of the study, which is reported here, 
was devoted to the development of a suitable experimental 
apparatus and"to preliminary experiments in the near 
critical and super-critical burning regimes. The ex- 
perimental technique employed in the study consisted of 
observing the combustion of a supported droplet. In 
order to avoid the tendency of the droplet to fall from 
its support at elevated pressures, the tests were con- 
ducted under zero-gravity conditions in a free fall 
apparatus, This technique is similar to that first 
employed by Kamagai and Isodal* 9 1 g 0  

The fuels considered in the bulk of the results to 
date were n-decane and n-hexadecane. The ambient environ- 
ment was air at pressures in the range 14.2 - 2000 psia, 

APPARATUS AND PROCEDURE 

The test droplet was mounted either on a quartz 
fiber or on the junction of a thermocouple as illustrated 
in Figure 1. The quartz fibers were approximately . 0 0 8  
inch in diameter with a .014 inch diameter bead at the 
end to assist in supporting the droplet. The thermocouple 
junction was constructed of . 0 0 3  inch dfameter chromel- 
alumel wires with a bead at the junction of approximately 
. 0 0 9  inch diameter, The droplet was mounted with a 
hypodermic syringe. through the access hole in the chamber. 

The droplet reaction chamber (Fbures 1 and 2) was 
constructed of stainless steel and could be pressurized 
to the test pressure through the air inlet. The chamber 
was fitted with two 1 inch diameter quartz windows for 
back lighting and photographing the droplet. The interior 
volume of the chamber was roughly cylindrical in shape, 
2-5/16 inches in diameter and two inches long. 

Two different schemes were employed for igniting the 
droplet. The first consisted of momentarily directing a 
small hydrogen diffusion flame toward the droplet until 
it ignited, The hydrogen for the flame was stored in a 
small cylinder, maintained at a pressure somewhat above 
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t h e  t e s t  p r e s s u r e  i n  t h e  r e a c t i o n  chamber. The c a p i l l a r y  
flame was a c t u a t e d  by opening a s o l e n o i d  va lve  i n  t h e  
l i n e  from t h e  s t o r a g e  tank .  A h o t  wire then  i g n i t e d  t h e  
flame which i n  t u r n  i g n i t e d  t h e  d r o p l e t .  The t iming  of  
t h e  s o l e n o i d  v a l v e  was such t h a t  t h e  hydrogen flame was 
tu rned  on a s  soon a s  t h e  f r e e  f a l l  p e r i o d  began. The 
flame was then  s h u t  o f f  as soon as p o s s i b l e ,  a f t e r  t h e  
d r o p l e t  i g n i t e d ,  i n  o r d e r  t o  minimize t h e  d i s t u r b a n c e  of  
t h e  d r o p l e t  by t h e  gas f l o w  through t h e  c a p i l l a r y  tube ,  
This d r o p l e t  i g n i t i o n  method i s  e s s e n t i  l l y  t h e  same a s  
t h a t  employed by H a l l  and Dieder ichsen  1 P  . 

I n  t h e  second i g n i t i o n  scheme, t h e  hydrogen flame was 
d i sca rded  and t h e  h o t , w i r e  was p laced  c l o s e  t o  t h e  
d r o p l e t .  Power was a p p l i e d  t o  t h e  wire a f t e r  t h e  f r ee  
f a l l  p e r i o d  began i n  o r d e r  t o  reduce t h e  d i s tu rbance  of  
n a t u r a l  convec t ion  f rom t h e  wire .  The hea ted  wire then  
i g n i t e d  t h e  d r o p l e t .  This  scheme was s u p e r i o r  t o  t h e  
hydrogen flame due t o  t h e  f a c t  t h a t  i t  was more r e l i a b l e  
and caused much l e s s  d i s t u r b a n c e  of t h e  d r o p l e t .  

A schematic  diagram o f  t h e  o v e r a l l  arrangement o f  
t h e  appa ra tus  i n  t h e  f r e e  f a l l  chamber i s  shown i n  
F igure  3 .  A photograph of t h e  appara tus  appears  i n  
F igure  4 .  The f r e e  f a l l  chamber i s  8 inches  i n  diameter  
and i n c o r p o r a t e s  two f u l l  l e n g t h  doors t o  aL1ow complete 
access  t o  i n t e r i o r  components. 

The z e r o - g r a v i t y  f a c i l i t y  i n  t h i s  l a b o r a t o r y  has  a 
f r e e  f a l l  d i s t a n c e  of  1 6  f e e t  which provides  n e a r l y  a 
one-second t e s t  t ime,  The t e s t  chamber i s  he ld  i n  p l a c e  
by a p i n  mechanism which can be r e l e a s e d  by a pneumatic 
c y l i n d e r  t o  s t a r t  t h e  f r e e  f a l l  pe r iod .  The shock o f  t h e  
f a l l  i s  absorbed by a tub  f i l l e d  wi th  chopped foam 
p l a s t i c .  This  system l i m i t s  t h e  maximum d e c e l e r a t i o n  o f  
t h e  t e s t  chamber t o  1 0  g ' s ,  which i s  i n  t h e  normal range 
of  o p e r a t i o n  of  m o s t  mechanical and e l e c t r i c a l  components. 
Drag f o r c e s ' o n  t h e  chamber cause a d ivergence  from zero-  
g r a v i t y  c o n d i t i o n s ,  b u t  t h i s  i s  very smal l  f o r  t h e  
v e l o c i t i e s  a t t a i n e d  over a 1 6  f o o t  f r e e  f a l l  d i s t a n c e .  

i 

A smal l  neon b u l b ,  powered from a d .c .  source  i n  
o r d e r  t o  g ive  a s t e a d y  i l l u m i n a t i o n ,  was used a s  t h e  
background l i g h t  f o r  t h e  s i l h o u e t t e  d r o p l e t  photographs.  
This l i g h t  was employed i n  o r d e r  t o  o b t a i n  a measurement 
o f  t h e  i n i t i a l  d iameter  o f  t h e  d r o p l e t .  For t h e s e  
measurements, t h e  e l l i p t i c a l  shape of  t h e  d r o p l e t  was c o r -  
r e c t e d  t& a sphe re  of equa l  volume a s  sugges ted  by 
Kobayasi . The background l i g h t  was tu rned  o f f  p r i o r  t o  
t h e  s t a r t  of t h e  f r e e  f a l l  p e r i o d  so  t h a t  dark  f i e l d  
photographs could  be taken  o f  t h e  combustion p r o c e s s ,  

A Wollensack F a s t a i r ,  1 6  mm motion p i c t u r e  camera was 
employed f o r  t h e  photographs.  The d r o p l e t  was viewed from 
t h e  camera l o c a t i o n  by a f r o n t  s u r f a c e  m i r r o r  mounted nea r  
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t h e  window of t h e  r e a c t i o n  chamber. The camera speed 
was approximately 1 0 0  p i c t u r e s  p e r  second. The camera 
i n c o r p o r a t e s  an i n t e r n a l  t iming  marker t o  a l low a running 
c a l i b r a t i o n  o f  f i l m  speed i n  o r d e r  t o  provide  t i m e  
sequencing o f  t h e  photographs.  The f i l m  employed f o r  t h e  
photographs was Kodak Tri-X n e g a t i v e ,  emulsion TXN 4 3 0 ,  

Commercially p u r e ,  d ry  a i r  i n  c y l i n d e r s  was employed 
t o  p r e s s u r i z e  t h e  d r o p l e t  chamber. F i l l i n g  and emptying 
t h e  chamber was accomplished through a quick  d isconnec t  
f i t t i n g .  The gas p r e s s u r e  w i t h i n  t h e  chamber was measured 
wi th  a 0 - 3 0 0 0  p s i  bourdon tube  gage wi th  25 p s i  subd i -  
v i s i o n s  f o r  p r e s s u r e s  above 1 0 0  p s i .  F o r  p r e s s u r e s  below 
1 0 0  p s i ,  a 0 - 1 0 0  p s i  l a b o r a t o r y  t e s t  gage wi th  l / 2  p s i  
s u b d i v i s i o n s  was employed. 

'The ou tpu t  of t h e  thermocouple j u n c t i o n  was recorded 
on an o s c i l l o g r a p h .  The o s c i l l o g r a p h  galvanometers had a 
f l a t  f requency response ( 5 % )  t o  2 2 0 0  hz .  The motion 
p i c t u r e  f i l m  and t h e  o s c i l l o g r a p h  r eco rd  were synchronized 
by r eco rd ing  t h e  c u r r e n t  flow through t h e  neon background 
l i g h t .  

Once t h e  d r o p l e t  was mounted and t h e  chamber p r e s s u r -  
i z e d ,  t h e  o p e r a t i o n  of  t h e  appara tus  was l a r g e l y  au tomat ic  
through t h e  use  o f  a c y c l i n g  t imer and a dropping weight 
swi tch .  The dropping weight swi t ch  c o n s i s t e d  of  a s t e e l  
block t h a t  could s l i d e  down guide rods t o  a c t u a t e  a number 
of k n i f e  b l ade  swi t ches .  The block was h e l d  i n  i t s  
uppermost p o s i t i o n  by an e lec t romagnet  which could be de-  
energ ized  t o  a l low t h e  weight t o  f a l l .  This  swi tch  a r -  
rangement was employed f o r  t hose  f u n c t i o n s  which r equ i r ed  
a c c u r a t e  and r ep roduc ib le  time sequencing.  This inc luded  
a c t u a t i n g  t h e  hydrogen so leno id  o r  t h e  d r o p l e t  h o t  w i re  
and t h e  r e l e a s e  of t h e  f r e e  f a l l  chamber, The c y c l i n g  
t imer  was employed € o r  l e s s  c r i t i c a l  f u n c t i o n s  such a s  
a c t u a t i o n  of t h e  background l i g h t ,  t h e  e lec t romagnet ,  
r e c o r d e r ,  camera, e t c ,  

FLAME I G N I T O R  TESTS 

t 
hu% 

F o r  t h e s e  t e s t s  t h e  d r o p l e t  was mounted on t h e  q u a r t z  
f i b e r  and no temperature  measurements were made, A 
t y p i c a l  fiblm reco rd  taken  f rom a t e s t  a t  low p r e s s u r e s  is 
shown i n  F igure  5 .  This  t e s t  c o n s i s t e d  o f  an n-decane 
d r o p l e t  burning i n  a i r  a t  a t o t a l  p r e s s u r e  of 1 1 4  p s i a .  

I n  F igure  5 ,  i t  i s  seen  t h a t  t h e  d r o p l e t  i g n i t e s  a 
s h o r t  t ime a f t e r  c o n t a c t  w i th  t h e  hydrogen flame. The 
combustion zone of t h e  d r o p l e t  has  a t e a r d r o p  shape i n d i -  
c a t i n g  t h e  presence  o f  some convect ion.  This  convec t ion  
i s  undoubtedly due t o  gas motion induced by t h e  flow of  
hydrogen i n  t h e  i g n i t o r  f lame. While t h i s  e f f e c t  p e r s i s t s  
throughout  t h e  burning process  i t  does n o t  appear t h a t  t h e  
d r o p l e t  l eaves  t h e  probe l o c a t i o n .  
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A typical result at high pressures is shown in 
Figure 6. The conditions of this test were an n-decane 
droplet in air at 814 psia. Here it is seen that the 
gas motion induced by the ignitor flame causes a sig- 
nificant disturbance of the combustion process. The 
combustion zone becomes quite elongated and appears to 
drift away from the probe location toward the end of 
burning. 

Measurements of 'the combustion lifetime of the 
droplets were made from the films. This lifetime was 
defined as the total time between ignition of the droplet 
and the end of luminosity of the flame. This definition 
is the same as that employed by Hall and DiederichsenP5. 

Figure 7 shows the measured lifetimes as a function 
of pressure for n-decane droplets of a more or less fixed 
initial diameter (740 f 50~). Data taken from Hall and 
Diederichsen15 for the same fuel and droplet size are also 
shown on the figure for comparison, The indicated critical 
pressure was calculated employing the Lyderson methodz0. 

Both sets of data show a continuously decreasing 
burning lifetime with increasing pressure, The present 
burning lifetimes are seen to be longer than those of 
Reference (15) at comparable conditions. This is probably 
due to the elimination of natural convection in the present 
experiment. The induced flow of the ignitor provides some 
flow, but this is much smaller than a natural convection 
flow at the same pressure. For example, when ignited under 
one-g conditions, the ignitor flame rose almost straight 
up rather than following the direction of the capillary 
tube as it does under zero-g conditions. Similarly, com- 
bustion photographs taken at comparable pressures under 
one-g conditions in References 15 and 16 show that the 
flame zone is much closer to the droplet than is the case 
for the present results (Figure 5 1 ,  indicating stronger 
convection effects for the one-g testing. 

Figure 8 shows combustion lifetimes for n-hexadecane 
(cetane), As before, the critical pressure indicated on 
the figure was calculated by the Lyderson methodz0. 
is seen that the trends of this data with pressure and 
the magnitude of the lifetimes are comparable with the 
n-decane data. 

It 

While these tests were successful from the standpoint 
of allowing observations of droplet combustion at 
pressures substantially above the critical pressure of 
the fuel, the results were not completely satisfactory, 
First of all, the theoretical work of Spalding13 and 
Rasner14 indicates that the combustion lifetime should 
begin to increase with pressure at pressures somewhat 
above the critical pressure of the fuel, The present data 
exhibited no such tendency. Secondly, the photographs at 
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I high p r e s s u r e s ,  F igure  6 ,  i n d i c a t e d  t h a t  t h e  f u e l  sample 
was be ing  s t r o n g l y  d i s t o r t e d  and p o s s i b l y  broken up by 
t h e  i g n i t o r  f low,  While t h i s  type  o f  breakup i s  un- 
doubtedly p r e s e n t  under combustion chamber c o n d i t i o n s ,  
and i s  impor tan t  o f  i t s e l f ,  it p r e s e n t s  r e a l  problems i n  
t h e  i n t e r p r e t a t i o n  of  t h e  p r e s e n t  d a t a .  These f a c t o r s  
prompted t h e  use  of t h e  h o t  w i re  i g n i t o r  a s  a way of  
reducing t h e  d i s t u r b a n c e  cause by t h e  i g n i t i o n  p rocess .  
The r e s u l t s  of t h e s e  t e s t s  a r e  d i scussed  i n  t h e  fo l lowing  
s e c t i o n .  

HOT WIRE I G N I T O R  TESTS 

For t h e s e  t e s t s  t h e  d r o p l e t  was mounted on a thermo- 
couple  j u n c t i o n  and d r o p l e t  t empera tures  were measured. 
A t y p i c a l  f i l m  r eco rd  taken  from a l o w  p r e s s u r e  t e s t  i s  
shown i n  F igure  9 .  This  t e s t  c o n d i t i o n  c o n s i s t e d  of an 
n-decane d r o p l e t  burning i n  a i r  a t  a t o t a l  p r e s s u r e  of  
64  p s i a .  A t  i g n i t i o n  t h e r e  i s  a s p o t t y  p a t t e r n  of lumi- 
n o s i t y  around t h e  d r o p l e t ,  however, t h i s  p a t t e r n  r a p i d l y  
g ives  way t o  a r e l a t i v e l y  uniform combustion zone. 
seen  t h a t  t h e  d i s t o r t i o n  of t h e  combustion zone i s  g r e a t l y  
reduced i n  comparison t o  t h e  flame i g n i t o r  t e s t s .  

Combustion l i f e t i m e s  from t h e s e  t e s t s ,  f o r  n-decane,  
a r e  shown p l o t t e d  a s  a f u n c t i o n  of p r e s s u r e  i n  Figure 11, 
These l i f e t i m e s  were c o r r e c t e d  t o  r e p r e s e n t  a c o n s t a n t  
i n i t i a l  d r o p l e t  d iameter  of 8 7 5 ~  s i n c e  t h e  a c t u a l  spread  
of i n i t i a l  d iameters  (715-99511) was broader  than t h a t  
employed i n  F igures  7 and 8 .  
assumed a diameter  squared r e l a t i o n s h i p  between t h e  com- 
b u s t i o n  l i f e t i m e  and t h e  i n i t i a l  diameter  a s  fo l lows :  

I t  i s  

The c o r r e c t i o n  t h a t  was used 

t c  = (875/d)'  tm 

where d i s  t h e  i n i t i a l  d r o p l e t  diameter  i n  microns,  tm i s  
measured combustion l i f e t i m e  and tc i s  t h e  c o r r e c t e d  
(and p l o t t e d )  l i f e t i m e .  This  t ype  of c o r r e c t i o n  was 
chosen s i n c e  most of  t h e  i n d i v i d u a l  p rocesses  of t h e  
d r o p l e t ,  h e a t  up,  s t e a d y  burn ing ,  s u p e r - c r i t i c a l  burn ing ,  
e t c .  a r e  p r o p o r t i o n a l  t o  d iameter  squared  (References 3 -5 ,  
13-15) 

The two darkened symbols a t  t h e  h igh  p r e s s u r e  end o f  
t h e  p l o t  r e p r e s e n t  t e s t s  where combustion was n o t  com- 
p l e t e d  a t  t h e  end o f  t h e  f r e e  f a l l  pe r iod .  
c a s e s ,  t h e  p l o t t e d  va lue  i s  t h e  time between d ropJe t  i g -  
n i t i o n  and t h e  i n s t a n t  when t h e  luminous zone was swept 
from view by t h e  flow d i s t u r b a n c e  r e s u l t i n g  when t h e  
chamber i s  s topped .  N a t u r a l l y ,  t h e  a c t u a l  l i f e t i m e  must 
be somewhat l onge r  than  t h e  p l o t t e d  l i f e t i m e  f o r  t h e s e  
p o i n t s .  

In  t h e s e  
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I t  i s  obvious t h a t  t h e  t r e n d s  of t h i s  d a t a ,  p a r -  
t i c u l a r l y  a t  h i g h e r  p r e s s u r e s ,  i s  q u i t e  d i f f e r e n t  from 
t h a t  ob ta ined  w i t h  t h e  flame i g n i t o r .  Here, r a t h e r  than  
a con t inuous ly  dec reas ing  l i f e t i m e  w i t h  i n c r e a s i n g  
p r e s s u r e ,  t h e  l i f e t i m e  i n c r e a s e s  wi th  p r e s s u r e  a t  p r e s s u r e s  
somewhat above t h e  c r i t i c a l  p r e s s u r e .  These r e s u l t s  
provide  f u r t h e r  s u b s t a n t i a t i o n  of t h e  p o s s i b i l i t y  of 
s h e a r i n g  and breakup of t h e  f u e l  sample a t  h igh  p r e s s u r e s  
when t h e  flame i g n i t o r  was employed. 

The t h e o r e t i c a l  r e s u l t s  of  Spalding13 and Rosner14 
i n d i c a t e  t h a t  t h e  burning l i f e t i m e  should  be p r o p o r t i o n a l  
t o  t h e  cube r o o t  o f  p r e s s u r e  i n  t h e  s u p e r - c r i t i c a l  com- 
b u s t i o n  regime. The l i n e  shown i n  F igure  11 i s  drawn 
p r o p o r t i o n a l  t o  t h i s  p r e d i c t i o n .  I t  i s  seen  t h a t  t h e  
h igh  p r e s s u r e  d a t a  roughly fo l lows  t h e  t r e n d  i n d i c a t e d  by 
t h e  cu rve ,  however, more d a t a  i s  r e q u i r e d  be fo re  an 
adequate  e v a l u a t i o n  of t h e  theory  can be made., 

A d i s t u r b i n g  f e a t u r e  o f  t h i s  d a t a  i s  t h a t  a t  low 
p r e s s u r e s  t h e  burning l i f e t i m e  i s  s h o r t e r  than t h a t  
recorded f o r  t h e  flame i g n i t o r ,  even though t h e  i n i t i a l  
d r o p l e t  s i z e  was l a r g e r  f o r  t h i s  d a t a  and t h e r e  was no 
l a r g e  s c a l e  convec t ive  flow. The h o t  wire may have been 
t h e  cause of t h i s .  During t h e  t e s t s  w i th  t h e  h o t  wire 
i g n i t o r  t h e  power i n p u t  t o  t h e  wi re  was h e l d  c o n s t a n t  a t  
a l l  t e s t  c o n d i t i o n s .  Therefore ,  t h e  wi re  glowed much 
b r i g h t e r  a t  l o w  p r e s s u r e s  due t o  t h e  lower h e a t  c a p a c i t y ,  
and thus  coo l ing  e f f e c t ,  o f  t h e  sur rounding  a i r .  S ince  
t h e  wi re  was q u i t e  c l o s e  t o  t h e  d r o p l e t ,  t h e  h ighe r  w i re  
tempera tures  could have caused a s i g n i f i c a n t  i n c r e a s e  i n  
t h e  r a d i a t i v e  h e a t  t r a n s f e r  from t h e  wi re  t o  t h e  d r o p l e t  
a t  low p r e s s u r e s .  This  i nc reased  energy f l o w  t o  t h e  
d r o p l e t  would r e s u l t  i n  more r a p i d  evapora t ion  and a 
subsequent ly  s h o r t e r  d r o p l e t  l i f e t i m e .  The temperature  
d a t a  t o  be d i scussed  below l ends  some suppor t  t o  t h i s  
hypo thes i s .  

s u b j e c t  t o  e r r o r  due t o  temperature  g r a d i e n t s  dur ing  
h e a t  upz1, they  do a s s i s t  i n  rounding o u t  t h e  p i c t u r e  of  
t h e  combustion p rocess .  A t y p i c a l  temperature  r eco rd  i s  
shown i n  F igure  1 2  f o r  a t e s t  wi th  an n-decane d r o p l e t  a t  
64  p s i a ,  The s t a r t  of t h e  t ime s c a l e  on t h i s  f i g u r e  PS 
a r b i t r a r y .  Shown marked along t h e  t r a c e  i s  t h e  t ime when 
t h e  glow of t h e  ho t  w i re  was v i s i b l e ' ,  t h e  time o f  i g n i t i o n  
and t h e  time o f  t h e  end of burning a s  ob ta ined  from t h e  
photographs o f  t h e  d r o p l e t .  The s e r i e s  of peaks a t  t h e  
s t a r t  o f  t h e  tempera ture  t r a c e  i s  due t o  t h e  n o i s e  s i g n a l  
genera ted  when power i s  s u p p l i e d  t o  t h e  h o t  w i re .  

Although temperature  measurements i n  t h e  d r o p l e t  a r e  

The i n f l e c t i o n  of t h e  temperature  t r a c e  a s h o r t  t ime 
a f t e r  i g n i t i o n  was c h a r a c t e r i s t i c  o f  m o s t  o f  t h e  t e s t s  
( s ee  F igure  13 f o r  o t h e r  examples).  This  i n f l e c t i o n  
appa ren t ly  i n d i c a t e s  t h e  t ime when t h e  presence  of  t h e  
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f lame has  propagated t o  t h e  thermocouple l o c a t i o n .  Some 
t i m e  l a t e r ,  t h e  tempera ture  begins  t o  l e v e l  o u t  a t  t h e  
"wet bulb" tempera ture  and t h e  s o - c a l l e d  s t eady  burning 
p e r i o d  fo l lows .  A t  t h e  end of t h i s  p e r i o d ,  a f t e r  a11 t h e  
l i q u i d  has  evapora ted ,  t h e  tempera ture  begins  t o  r i s e  
aga in ,  F i n a l l y ,  a f t e r  some de lay ,  t h e  combustion process  
i s  completed. 

model proposed by Spalding13, i . e .  , combustion ends some 
time a f t e r  g a s i f i c a t i o n  of  t h e  d r o p l e t  i s  completed,  
However, t h e  l e n g t h  of t h e  time between t h e  end of  g a s i -  
f i c a t i o n  and t h e  end of cornbustion was s u r p r i s i n g l y  long 
evan a t  low p r e s s u r e s  ( roughly 4 0 %  of  t h e  t o t a l  l i f e t i m e  
f o r  t h e  t e s t  of  F igure  12 ) .  Qui te  c l e a r l y ,  t h i s  r e s u l t  
shows t h a t  i t  i s  i n c o r r e c t  t o  i n t e r p r e t  t h e  combustion 
l i f e t i m e s  o f  F igure  11 a s  t h e  time r e q u i r e d  t o  g a s i f y  
t h e  d r o p l e t  over  any p o r t i o n  of  t h e  p r e s s u r e  range. 

range o f  p r e s s u r e s  f o r  n-decane.  The c r i t i c a l  temper- 
a t u r e  i n d i c a t e d  on t h e  f i g u r e  was c a l c u l a t e d  by t h e  
Lyderson method20. 
p l o t t e d  from t h e  t ime of i g n i t i o n .  

of t h e  s t eady  burning p e r i o d  w i t h  i n c r e a s i n g  p r e s s u r e .  
For t h e  t e s t  a t  1 1 0 0  p s i  t h e r e  is  no evidence o f  an 
approach t o  a wet bu lb  tempera ture ,  I n  t h i s  c a s e ,  t h e  
tempera ture  recorded by t h e  thermocouple i n c r e a s e s  s t e a d i -  
l y  throughout  t h e  combustion p rocess .  The t e s t  a t  5 1 4  
p s i a  shows an i n f l e c t i o n  of t h e  temperature  t r a c e  
i n d i c a t i n g  t h a t  t h e r e  i s  s t i l l  some approach t o  a wet 
bulb s t a t e  a t  t h i s  c o n d i t i o n  even though t h e  t o t a l  
p r e s s u r e  i s  above t h e  c r i t i c a l  p r e s s u r e ,  
i n f l e c t i o n  was s t i l l  observed a t  664  p s i a ,  b u t  was no 
longe r  ev iden t  a t  814  p s i a .  
r a t e  a t  which t h e  d r o p l e t  t empera ture  r i s e s  appears  t o  
i n c r e a s e  a s  t h e  t o t a l  p r e s s u r e  i s  i n c r e a s e d .  Another 
c h a r a c t e r i s t i c  o f  t h e  r e s u l t s  i s  t h a t  t h e  l i q u i d  temperature  
i s  h ighe r  a t  i g n i t i o n  as  t h e  t e s t  p r e s s u r e  i s  inc reased .  

I n  o r d e r  t o  f u r t h e r  summarize t h e  temperature  

Q u a l i t a t i v e l y ,  t h i s  behavior  i s  i n  accord w i t h  t h e  

F igure  13 shows tempera ture  traces ob ta ined  over  a 

The time s c a l e  on t h i s  f i g u r e  i s  

The p l o t s  show a p rogres s ive  r e d u c t i o n  i n  t h e  l e n g t h  

This t ype  of 

I t  i s  a l s o  n o t a b l e  t h a t  t h e  

measurements, a p l o t  of t h e  maximum measured l i q u i d  
tempera tures  was c o n s t r u c t e d  a s  shown i n  F igure  1 4 .  
t h i s  p l o t ,  t h e  maximum l i q u i d  temperature  was taken  t o  
be t h e  "wet bulb" temperature  where t h i s  c o n d i t i o n  was 
c l e a r l y  d e f i n e d ,  e . g . ,  f o r  a p l o t  l i k e  T-33 i n  F igure  1 3 .  
F o r  p l o t s  l i k e  T - 2 0 ,  t h e  maximum tempera ture  was taken  
t o  be t h e  va lue  a t  t h e  i n f l e c t i o n  of t h e  temperature  
t r a c e .  No d a t a  o f  t h i s  t ype  i s  shown above 6 6 4  p s i a ,  
s i n c e ,  a s  no ted  p r e v i o u s l y ,  no i n f l e c t i o n  of t h e  temper- 
a t u r e  t r a c e  was observed above t h i s  p r e s s u r e ,  The p l o t  
o f  s a t u r a t e d  l i q u i d  tempera tures  a s  a f u n c t i o n  o f  p r e s s u r e  

For 

1 5  



"- 1 
9 

(vapor p r e s s u r e  curve)  shown on t h i s  f i g u r e  was ob ta ined  
from a Cox c h a r t  g iven  i n  Reference ( 2 2 ) .  

I t  i s  seen  t h a t  t h e  maximum l i q u i d  temperature  
i n c r e a s e s  as t h e  t o t a l  p r e s s u r e  i s  inc reased  and then  
begins  t o  l e v e l  o u t  a s  t h e  c r i t i c a l  temperature  i s  
approached. However, i t  i s  q u i t e  d i s t u r b i n g  t h a t  t h e  
maximum l i q u i d  temperature  i s  s u b s t a n t i a l l y  above t h e  
b o i l i n g  p o i n t  a t  t h e  lower p r e s s u r e s .  This c o n d i t i o n  i s  
no t  p o s s i b l e  u n l e s s  t h e  thermocouple was p r e f e r e n t i a l l y  
hea ted  by r a d i a t i o n  f rom t h e  h o t  w i re  o r  conduct ion from 
t h e  combustion zone along t h e  thermocouple w i r e s .  The 
excess ive  h e a t i n g  of  t h e  h o t  w i re  a t  low p r e s s u r e s  lends  
some suppor t  t o  t h e  i d e a  t h a t  r a d i a t i o n  may be t h e  
f a c t o r  r e s p o n s i b l e  f o r  t h i s  behavior .  This  p o s s i b i l i t y  
i s  under i n v e s t i g a t i o n  a t  t h e  p r e s e n t  t ime.  U n t i l  t h i s  
q u e s t i o n  i s  r e s o l v e d ,  i t  i s  sugges ted  t h a t  t h e  temper- 
a t u r e  magnitudes i n d i c a t e d  on t h e  f i g u r e s  be t r e a t e d  
wi th  c a u t i o n ,  a l though t h e  gene ra l  c h a r a c t e r i s t i c s  of t h e  
temperature  t r a c e s  appear  r e a l i s t i c .  
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